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Hyper-Raman scattering from vitreous boron oxide:
coherent enhancement of the boson peak
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UMR 5587 CNRS, University of Montpellier II, F-34095 Montpellier, France
(Dated: November 13, 2018)
Hyper-Raman scattering spectra of vitreous B2O3 are reported and compared to Raman scattering
results. The main features are indexed in terms of vibrations of structural units. Particular attention
is given to the low frequency boson peak which is shown to relate to out-of-plane librations of B3O3
boroxol rings and BO3 triangles. Its hyper-Raman strength is comparable to that of cooperative
polar modes. It points to a sizeable coherent enhancement of the hyper-Raman signal compared to
the Raman one. This is explained by the symmetry of the structural units.
PACS numbers: 63.50.+x, 78.30.Ly, 78.35.+c, 42.65.An
Most glasses exhibit at low frequencies ω a broad spec-
tral component observed both in Raman scattering (RS)
[1, 2] and inelastic neutron-scattering (INS) [3, 4]. The
reduced density of vibrational states, Z(ω)/ω2, usually
shows in that region a considerable excess of harmonic
modes over the Debye level of sound waves [5]. This
is called the boson peak (BP). Although the nature of
BP-vibrations remains much debated, it is generally ac-
cepted that it will be key to a real understanding of the
glassy state. Lower frequencies being generally associ-
ated with larger objects, the BP should provide indirect
structural information at distances of one to a few nm.
The structure of glasses at those scales is of consider-
able fundamental and practical interest, but it is gener-
ally not accessible to standard structural analysis tools.
The nanoscale also corresponds to the size of crystal nu-
clei, so that phenomena at that scale are relevant to the
glass formation itself. The slow progress in understand-
ing the BP relates to the lack of experimental techniques
to address the structural issues. For this reason, spec-
troscopies able to complement the information obtained
with RS and INS are particularly valuable. Recently,
hyper-Raman scattering (HRS) was found to be a pow-
erful tool for the investigation of low ω excitations in
vitreous silica, v-SiO2 [6]. These experiments confirmed
previous measurements [3] and simulations [7], indicating
a large contribution of rigid SiO4 tetrahedra librations in
the BP of v-SiO2. This single example already demon-
strates that the microscopic origin of the BP follows from
the specific molecular structure of the glass.
Boron oxide is the second most important glass former
after v-SiO2. Boron forms covalent bonds with oxygen,
and v-B2O3 is a network of oxygen-sharing BO3 trian-
gles. Three such triangles can associate to produce a
planar supermolecular unit, the boroxol ring B3O3. The
fraction of boron belonging to boroxol rings is difficult
to ascertain from diffraction results alone [8]. However,
NMR [9] as well as recent simulations of spectra [10] have
now confirmed that approximately 3 out of 4 borons be-
long to boroxol rings. Hence, the ratio in the number
of rings and independent triangles is about 1/1. In this
Letter, we report the first HRS results on v-B2O3. We
show that the HRS BP can be associated with out-of-
plane librational motions of rigid rings and triangles. In
addition, the HRS intensity of the BP is exceptionally
high, of the same order as that of collective longitudinal
optic (LO) and transverse optic (TO) polar excitations.
This suggests that the coherence of the BP vibrations
is quite extended in space. This coherence contributes
much more effectively to HRS than to RS spectra for
symmetry reasons that are explained below.
The HRS measurements were performed on a new spec-
trometer optimized for the study of liquids and disor-
dered solids. It combines high luminosity with a fa-
vorable resolution and contrast, allowing to investigate
low-frequency modes. The incident infrared radiation at
λ=1064 nm is delivered by a Q-switched Nd:YAG laser,
producing ∼23 ns-long pulses of up to 70 kW peak power
at 2.5 kHz repetition rate. These are focused with a f=3
cm lens, down to a beam waist in the sample of ∼ 10
µm radius. The scattered light is collected with a f/1.8
aperture. The spectrum is analysed with a single grat-
ing monochromator and detected with a N2-cooled CCD
camera. Two gratings are available, with 600 or 1800
groves/mm. Using an entrance slit of 100 µm, this leads
to instrumental full widths at half maximum of ∼ 6 or
∼ 2 cm−1, respectively. The RS spectra shown for com-
parison were obtained with 514.5 nm excitation and ana-
lyzed with a Jobin-Yvon T64000 triple monochromator,
operated in the macromode. The v-B2O3 sample was
prepared from isotopically pure (99.6%) 11B2O3 contain-
ing ∼ 1 wt % moisture. The material was heated to 1100
◦C in a platinum crucible, quenched on a heat conducting
plate, and annealed at 571 ◦C for 200 hours. The sample
was cut and dry-polished. The water content (0.8 mole
%) was subsequently measured by IR-transmission of a
thin slice as described in [11]. The same sample, sealed
in an optical silica cell containing silica gel, was used for
RS and HRS measurements in 90◦-scattering.
Figure 1 shows polarized (VV) and depolarized (VH)
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FIG. 1: Raman (a) and hyper-Raman (b) susceptibility spec-
tra of v-B2O3 at room temperature. In VV, the main RS
feature at 808 cm−1 is off scale. Its peak is drawn divided
by 10. Above 1000 cm−1, the vertical scale is expanded by
3 for all spectra. The inset shows on an enlarged scale the
HRS-spectra of the 808 cm−1 mode.
RS and HRS susceptibilities χ′′ = I(ω)/(n + 1). I(ω) is
the spectral intensity and n the Bose factor. These HRS
spectra were obtained using the 600 groves/mm grating.
It is evident that there are many modes and that the RS
and HRS spectra are remarquably dissimilar. However,
one should note that the RS presentation zooms on small
features, with the largest peak way off scale, while the
HRS ordinate is adjusted to the dominant features, with
small peaks mostly buried in the background.
The large number of modes is related to the simulta-
neous presence of BO3 triangles and B3O3 rings [12], in
nearly 1/1 ratio. We remark that the sum of one triangle
plus one ring just amounts to two formula units 2(B2O3).
In a simplified model, triangles and rings can thus be
taken as the two building blocks. Both have rhombo-
hedral D3h-symmetry. Their vibrations are decomposed
into irreducible representations:
[1, 2] A′1(R,HR) + [1, 2] A
′
2(HR) + [2, 2] A
′′
2 (IR,HR)+
[3, 4] E′(IR,R,HR) + [1, 2] E′′(R,HR) . (1)
The figures within square brackets show the number of in-
dependent representations for triangles and rings, respec-
tively, while the symbols in parentheses indicate activity
in infrared (IR), Raman (R), or hyper-Raman (HR). The
notation for the representations is that of [13]. Our pur-
pose is not to develop a detailed calculation of the spec-
tra. It is rather to gain qualitative understanding in the
nature of the main HRS modes and in the relative RS
and HRS strengths. To this effect the above model, ad-
mitedly rather simple, should be sufficiently realistic. For
each type of unit, A′1 are radial breathing motions, A
′
2
are in-plane librations, one A′′2 representation is an out-
of-plane translation while the other is a polar internal
vibration, similarly one E′ representation corresponds to
in-plane translations while the others are polar internal
vibrations, and finally E′′ are out-of-plane librations [13].
In this molecular picture, light scattering results from
the fluctuations of dipoles induced on all structural units
by the applied optical field E ∝ e−iωt. For unit i, the in-
duced dipole can be written pi = αi ·E′+βi : E′E′+ ...,
where αi and βi are the first and second-order polariz-
ability tensors, respectively, and E′ is the local field. In
the molecular reference frame [14], the form of α and β
is well known. For a symmetric top, α is diagonal with
αxx = αyy 6= αzz . For β, we remark that both ω and
2ω are far from any material resonance in our experi-
ment. In that case, β can be approximated as fully sym-
metric in all permutations of its three indices [15]. For
D3h-symmetry, there remains just βxxx = −βxyy with all
other index combinations zero. For unit i, αi and βi are
just rotated from the molecular frame to the fixed lab-
oratory frame. It is the modulation of α and β by the
normal modes, of amplitude W ζ ∝ e±iωζt for mode ζ,
which leads to the molecular Raman and hyper-Raman
polarizability tensors, αζ and βζ , respectively. These
have been tabulated for all molecular symmetries, e.g. in
[16]. In the laboratory frame, each rotated molecule i
has then a fluctuating dipole at ωζ :
δpζ,i = αζ,i · E′ + βζ,i : E′E′ + ... . (2)
The local field corrections are essential for quantitative
results [17] but they should not affect our qualitative
symmetry considerations.
Structural units that vibrate independently from each
other, i.e. with random phases, scatter incoherently. The
intensity is then just the sum of the individual intensi-
ties, ∝
∑
i |δp
ζ,i|2. This is expected for all non-polar
internal vibration modes in random media [16]. On the
other hand, if several structural units vibrate with a fixed
phase relationship, there is coherent scattering, and the
intensity is ∝ |
∑
i δp
ζ,i|2. This occurs in two important
cases: i) for polar vibrations, which are the only ones
compatible with a collective modulation of the average
D∞h glass symmetry [15]; ii) for external modes, in par-
ticular librations for which nearby units move together,
leading to overall coherence.
The narrow peak at 808 cm−1 reaches over 50 in Fig.
1a, entirely dominating the VV-spectrum. This compo-
nent has been indexed either as the A′1 oxygen breathing
of the boroxol rings [18], or as a correlated symmetric
stretch motion of the O-atoms over the network [19]. The
modulation of the boroxol α by breathing only gives di-
agonal components, with αζxx = α
ζ
yy 6= α
ζ
zz (ζ = A
′
1). If
there would be coherent breathing of adjacent boroxols,
one would expect for steric reasons that they would vi-
brate in opposite phase, so that their contributions δpζ,i
would mostly cancel each other. Incoherent breathing of
3very regular boroxol units is able to produce the observed
narrow peak. This is now supported by a first-principle
analysis [10]. The observed strong polarization just in-
dicates that the isotropic part, of trace (2αζxx + α
ζ
zz), is
much larger than the anisotropy |αζxx − α
ζ
zz |. From (1),
this vibration is equally active in HRS. In Fig. 1b, only
a relatively small peak is observed at the corresponding
frequency. It is shown in more details in the inset. The
modulation of β by A′1 leads to β
ζ
xxx = −β
ζ
xyy, with all
other combinations vanishing [16]. In incoherent scatter-
ing, this produces a depolarization ratio IVH/IVV = 2/3
[16], in excellent agreement with our observation. There
is no reason to believe that HRS would be particularly
small for this mode compared to RS. Rather, the com-
parative sizes of the 808 cm−1 peaks in Figs. 1a and 1b
is presumably a fair indication for the relative scale of
these two plots. This is supported by the observation of
many modes between 300 and 600 cm−1 in RS (Fig. 1a),
while corresponding features are not apparent in HRS
(Fig. 1b). We remark that all RS-active modes in (1)
are also HRS-active. Since the weak RS modes are just
not seen on the scale of our HRS spectra, we conclude
that strong spectral components in Fig. 1b must all be
enhanced by coherent effects.
This is known for the groups around 700 and 1400
cm−1 which are IR-active [12, 20], and thus HRS-allowed
in the mean isotropic symmetry D∞h. The isotropic HRS
tensor β has components βVVV = 3b and βHVV = b
[21]. The coupling of the LO-motions with the internal
Maxwell field produces the LO-TO splitting. The ten-
sor elements b are distinct for TO and LO modes, bTO
and bLO respectively, the latter being generally much en-
hanced by the electro-optic coupling. In 90◦-scattering,
one finds that IVV ∝ 9b
2
TO
while IVH ∝ 12b
2
TO
+ 1
2
b2
LO
[15].
From (1), the IR-active modes have A′′2 and E
′ symme-
tries. The modes of A′′2 -symmetry correspond to oppo-
site displacements of B and O along the z-axis. This
type of motion has a significantly lower restoring force
than the in-plane displacements of the E′-modes. Hence,
the group around 700 cm−1 is assigned to the A′′2 in-
ternal modes. This double peak structure with maxima
located at ∼ 655 and 717 cm−1 in VV-scattering and
previously observed in IR-transmission [20], must be due
to the separate activity of triangles and rings. The nar-
rowest peak at 717 cm−1 in VV-scattering is assigned
to the boroxols, as confirmed by a first-principle calcu-
lation [22]. Regarding the VV and VH spectra, we find
for this peak a TO-LO splitting of ∼ 15± 2 cm−1. This
is within the accuracy of the value ∼ 20 cm−1 reported
from IR-reflectiviy [12].
The group centered around 1400 cm−1 is due to modes
E′ active in IR, RS, and HRS. The main TO motion
produces the feature at 1260 cm−1. Like for the breathing
mode, it is much better seen in RS than in HRS. It is
related to the boroxol rings [23]. The LO-TO splitting is
∼ 290 cm−1 [12], and the corresponding LO peak is the
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FIG. 2: High resolution 90◦-scattering HRS spectra of v-B2O3
at low ω. The inset compares the VH BP-spectra observed
here in RS (dashed line) and HRS (solid line) with the total
Z(ω)/ω2 obtained in INS at 330 K (dots) from [4].
strongest feature in the VH-HRS spectrum. The entire
group is rather rich, with at least six peaks in the RS
spectra. This agrees qualitatively with the large number
of different modes of E′ symmetry in (1).
We are now equipped to discuss the nature of the
BP vibrations. Figure 2 shows in more details the T -
reduced HRS intensities, I/(n + 1)ω, obtained with the
1800 groves/mm grating. Since the BP is observed both
in RS and HRS, its symmetry must be either A′1, E
′, or
E′′. The breathing modes A′1 occur at higher frequencies,
such as 808 cm−1 for the boroxols. The E′ modes, as just
shown, mostly belong to the high-frequency band around
1400 cm−1. However, they do include relative transla-
tions that can be of rather low frequency and which, in
a collective model, must couple to rigid rotations. The
modes of symmetry E′′ are precisely the out-of-plane ro-
tations. They include the librations of rigid triangles and
rings, plus an internal out-of-plane deformation mode of
rings that must be of higher frequency. The rigid libra-
tions, coupled to relative translations, remain the only
reasonable candidates for the BP. That the librations of
structural units produce the lowest frequency modes was
already noted for other glasses, e.g. v-SiO2 [3, 6] or Se
[24]. The relative scattering strengths in Fig. 1 also sug-
gest a coherent contribution that greatly enhances the
HRS-signal of these rigid librations. This is further sup-
ported by the HRS depolarization ratio IVH/IVV which
is 0.58 at the peak maximum in Fig. 2. This is signifi-
cantly smaller than the value 2/3 that applies to purely
incoherent scattering [16].
The coherent enhancement can be qualitatively under-
stood from the symmetry properties of the polarizabil-
ity and hyper-polarizability tensors. Equilateral trian-
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FIG. 3: a. The relative position of two D3h objects, T1 and
T2, in a plane; b. The joint libration of these rigid objects
produced by a vertical displacement of the common apex; c.
The libration motion of two adjacent boroxols lying in a plane.
gles are the basic D3h-symmetry objects. Fig. 3a shows
two triangles T1 and T2, where T2 is derived from T1
by a 180◦-rotation. It is easy to see that the β-tensors
of T1 and T2 are related by β
1 = −β2. However, the
linear polarizabilities are identical, α1 = α2. Now, sup-
pose that these triangles share an apex that oscillates
vertically, so that they librate by angles ±δφ, as drawn
in Fig. 3b. The modulation of β1 by +δφ is equal in sign
and magnitude to that of β2 by −δφ, so that the HRS
dipole fluctuations of both triangles add coherently. On
the contrary, the modulation of α1 by +δφ is opposite
to that of α2 by −δφ, so that these cancel and there re-
mains no coherent RS-contribution. This trend remains
for out-of-plane librations of a connected set of triangles,
also for non-planar arrangements: cancellations preferen-
tially occur for α rather than for β. Fig. 3c illustrates in
a simple planar case how this can be extended to boroxol
rings. It shows two rings connected by a single B-O-B
bridge. The angle of the external B-O-B bond is ∼ 135◦
[10]. The relative rotation of the two boroxols by only
∼ 15◦ is sufficient to produce a β2 significantly different
from β1, leading to a coherent HRS signal for the mo-
tion illustrated in Fig. 3c, while α2 = α1, cancelling the
coherent RS response. A detailed calculation of the co-
herent enhancement would require a large simulation, far
beyond the scope of this work. Indeed, reproducing cor-
rectly the RS and HRS boson-peak shapes and intensities
is likely to be an exacting test of the simulated structure.
It is finally of interest to compare various BPs as illus-
trated in the inset of Fig. 2. The maximum of the HRS
BP is at ΩHRS
BP
≃ 23 cm−1, while in RS we find ΩRS
BP
≃ 26
cm−1. In INS, also performed on a 11B2O3 sample [4], an
out-of-phase (incoherent in our terms) contribution was
separated from an in-phase one. The former matches
quite well the RS BP, while the latter peaks at a much
lower value ∼16 cm−1. The sum of these two compo-
nents, shown in the inset, is positioned at ΩINS
BP
≃ 19
cm−1. That coherence lowers ΩBP is consistent with
our finding on ΩHRS
BP
. However, INS detects in-phase dis-
placements along a line joining neighbors [25], while the
optical scattering should be more sensitive to rigid rota-
tions. This could presumably explain the different coher-
ent enhancements leading to ΩHRS
BP
6= ΩINS
BP
. Our analysis
here, and in v-SiO2 [6], demontrates that diverse spectro-
scopies project differently the BP-vibrations, leading to
significant changes in BP shapes and positions. A discus-
sion just in terms of a single light-to-vibration coupling
coefficient C(ω) [1] is presumably too reductive to reflect
the complexity of the real situation which involves libra-
tions vs. translations, coherence vs. incoherence, and
unlike sensitivities of the various spectroscopies to the
mode eigenvectors.
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